T he alternative pathway of complement activates on surfaces unprotected by complement regulatory proteins, which are responsible for homeostasis of the complement system. Most host cells and tissues are protected by a family of membrane-bound and soluble proteins structurally related to the soluble protein factor H (reviewed in Refs. [1] [2] [3] . Activation of this arm of the human innate immune system occurs spontaneously (4, 5) on surfaces lacking these protective proteins and this process proceeds without reliance on target-specific recognition by the adaptive immune system. Targets for alternative pathway activation include bacteria, fungi, and most organic and inorganic particles including pollen and dust (6) . Adapting to this system, numerous pathogens evade complement by expressing receptors for factor H, the major regulator in plasma, and these proteins are virulence factors for streptococci, Neisseria, Borrelia, Yersinia, cryptococci, and some parasites (7) .
Two diseases have recently been shown to be directly related to defects in regions of factor H that are thought to recognize host markers. Age-related macular degeneration is the leading cause of blindness in the elderly and affects nearly 50 million people worldwide. Age-related macular degeneration is a progressive inflammatory disease that has been strongly linked to the Y402H haplotype of factor H (8 -11) . Approximately 14% of the human population is homozygous for this haplotype, which is located in the seventh domain of factor H. Atypical hemolytic uremic syndrome (aHUS), 3 an inherited form of HUS, has been shown to be associated with mutations that affect the C-terminal twentieth domain of factor H (7, (12) (13) (14) . This region has been shown to be critical for interacting with negatively charged molecules on host cells such as sialic acid and sulfated glycosaminoglycans (15) (16) (17) (18) (19) (20) . In vitro assays have demonstrated that cells normally protected by polyanionic markers on their surface are attacked by the alternative pathway of complement when exposed to human serum containing factor H with mutations affecting its polyanion-binding domains (7, 21) . Although most human tissues in vivo are adequately protected by the membrane-bound regulators DAF (CD55), CD59, CR1, and MCP (CD46) as well as by binding soluble factor H, the kidney appears to rely heavily on protection by factor H (22, 23) . Mutations resulting in functional loss of the C-terminal polyanion binding site of factor H present clinically with acute renal failure (7, 12, 13, 24) . Because domain seven also exhibits polyanion binding (25) , a similar mechanism is thought to occur in age-related macular degeneration, although this interaction is not as well characterized. The existence of two different diseases correlated to different sites on factor H suggests that tissue-specific markers are being recognized by different sites on factor H.
Factor H is composed solely of 20 complement control protein (CCP) domains with interdomain spacers of 4 -7 aa (26) . Although some interdomain linkages appear to be flexible and some more rigid (3, (27) (28) (29) , the overall structure of this 155,000-Da protein appears in electron micrographs to be sufficiently flexible to fold back on itself (30 -33) . From nuclear magnetic resonance (NMR) and crystal structures of CCP modules from different proteins, these structures appear to be independently folding ellipsoidal modules each composed of ϳ61 aa (34 -37) . Functional sites have been localized along the entire length of factor H and each site occupies from 1 to 4 domains (7, 38) . The N-terminal 1-4 domains express all of the complement regulatory activities of the protein through their interactions with C3b (39 -41) . Three polyanion binding sites have been localized in factor H domain 7 (25) , domains 9 -14 (42, 43) , and domain 20 (18, 20, 21, 44) . Although mutations in the first 18 domains of factor H have been found associated with aHUS, the vast majority of mutations are found in domains 19 or 20, leading to loss of complement control at diverse cell surfaces (21, 44 -47) . Accordingly, the C terminus of factor H has been shown to be essential for factor H-mediated recognition and regulation of complement at host cell surfaces (48) and for protecting against an aHUS-like renal pathology in a murine factor H transgenic model (49) .
Factor H controls spontaneous activation of the alternative pathway of complement in blood and regulates activation on surfaces in contact with blood (12) . Its interaction with host polyanionic markers prevents activation on surfaces bearing such markers and allows activation on almost everything else (17) . In this study we report that contact with polyanionic molecules induces specific self-association of the protein resulting in the formation of dimers and tetramers of factor H (50). The results imply that the interaction with surface polyanions may induce the formation of defined clusters of factor H that would protect broad regions of the surface due to the flexibility and extended shape of factor H.
Materials and Methods

Reagents
Dextran sulfate (average m.w. of base dextran ϳ5000) and heparin sulfate (average m.w. 12,000 -14,000) were purchased from Sigma-Aldrich. Concentrations of polyanions were determined by weight of dry compounds used to make stock solutions.
Proteins
Complement protein factor H was purified from normal human plasma as previously described (51) . Purified factor H was Ͼ97% homogenous by PAGE with an apparent m.w. on SDS gel electrophoresis of 155,000 in its reduced form. Protein concentration was determined spectrophotometrically using an A 280 nm (1% solution) of 12.4 for factor H (52). Four different extinction coefficients for factor H have been reported ranging from 9.0 to 19.5 (52) (53) (54) (55) . The coefficient calculated from the sequence (56) and corrected for the large content of polysaccharide in factor H is 13.2. Despite these differences, which are typical of widely studied proteins, the value of 12.4 is in the middle of the range and the closest to the calculated value. Regardless of the disagreements in the literature, reporting the coefficient used in this study allows scientists to repeat the research presented as it was performed. To generate recombinant CCP domains 18 -20, the coding sequence for residues 811-1231 were PCR-amplified from a full length factor H cDNA template (38) , using a forward primer (5Ј-ATA TGC TCT TCA TGC GTG AAT CCG CCC ACA GTA CAA AAT-3Ј) and a reverse primer (5Ј-TAT AGC TCT TCA ACA AGT TGG ATA CTC CAG TTT CCC ATC-3Ј) containing SapI restriction sites (underlined). The SapI-digested PCR product was cloned into pPICZ-␣ vector (Invitrogen) containing SapI sites added in its multiple cloning site, as previously described (57) . Briefly, the original multicloning site of pPICZ-␣ A was replaced by inserting a double-stranded oligonucleotide containing a SapI site flanked by overhang 5Ј XhoI site (5Ј-TCG AGA AAA GAG AAG ATT GCA GAA GAG CGG CGC GCC GCT CTT CAT GTG CAA AAA GAT GAT-3Ј) and 3Ј XbaI site (5Ј-CTA GAT CAT CTT TTT GCA CAT GAA GAG CGG CGC GCC GCT CTT CTG CAA TCT TCT CTT TTC-3Ј) into the corresponding Xho and XbaI sites located in the vector (57) . Following transformation into Pichia pastoris strain KM71H, protein expression was induced with methanol following the manufacturer's instructions, and the protein was purified from the medium by anion exchange chromatography.
Gel filtration chromatography
Chromatography was performed on 0.75 x 60 cm TosoHaas TSK-Gel G4000SW or Phenomenex BioSep SEC S4000 columns with guard columns. Gel filtration columns were run at 21°C at a flow rate of 0.5 ml/min in either PBS (10 mM sodium phosphate, 140 mM NaCl, 0.02% sodium azide (pH 7.4)) or in half ionic strength PBS (5 mM sodium phosphate, 70 mM NaCl, 0.01% sodium azide (pH 7.4)) containing the desired concentrations of polyanions. The following standards (Bio-Rad) were used: vitamin B12 (1350), myoglobin (17,000), OVA (44,000), IgG (158,000), and thyroglobulin (670,000).
Analytical ultracentrifugation
Equilibrium sedimentation experiments were conducted in a Beckman XL-A analytical ultracentrifuge. One hundred microliter samples containing factor H at protein concentrations between 0.1 and 0.3 mg/ml in 5 mM sodium phosphate, 70 mM NaCl, 0.01% sodium azide (pH 7.4) were centrifuged at various rotor speeds between 3000 and 7000 rpm in two sector cells in an An50Ti rotor at 22°C (295°K) until equilibrium was achieved. The cells were scanned at 280 nm. Data points are the average of five readings at 0.001 cm intervals through the sample column that was ϳ1.4 mm. The endpoint was reached between 24 and 48 h when multiple scans did not change over 4 h. The data were modeled as a single ideal species using the Beckman XL-A data analysis software version 4.0 running in Origin version 4.1 using an estimated solvent density of 1.00 g/cm 3 . We used a partial specific volume of 0.711 ml/g (53) , which was similar to the calculated partial specific volume of 0.717 ml/g based on the predicted amino acid composition (31, 53, 56) .
Cell surface factor H binding assays
Varying concentrations of dextran sulfate (0 -300 g/ml) were incubated for 10 min at 22°C with 83 ng of radiolabeled human factor H in veronalbuffered saline containing 0.1% gelatin (GVB) in a total volume of 80 l. Then 20 l of zymosan-C3b (1 ϫ 10 9 cells/ml bearing 80,000 -100,000 C3b/cell) was added and incubated for 20 min. Cell-bound factor H was separated from free protein by layering 80 l of the mixture on top of 20% sucrose in GVB and centrifuging for 2 min at 10,000 ϫ g as previously described (15) . The tube was cut to separate and count the pellet and supernatant.
Cell surface factor H decay acceleration and cofactor assays
Decay accelerating activity expressed by factor H was measured by determining its ability to accelerate the natural release of 125 I-labeled Bb from cell-bound C3b,Bb. The C3b,Bb complexes were formed by incubating 1 ϫ 10 7 zymosan-C3b, 400 ng 125 I-factor B (2 Ci/g), 250 ng of factor D, and 1 mM NiCl 2 in 35 l of GVB at 22°C for 3 min as previously described (48) . Formation of the C3 convertase was stopped by the addition of 65 l of GVB containing 10 mM EDTA. To generate a standard curve, the C3b,Bb complexes (10 l) were added immediately to reaction mixtures (40 l) containing various amounts of factor H (0 -8000 ng/ml). After 10 min at 22°C the cells were sedimented rapidly (2 min, 10,000 ϫ g) through 250 l of 20% sucrose in GVB in a microfuge tube. The bottom of the tubes was cut off, and the radioactivity in the cell pellet and the supernatant were measured to determine the percent Bb remaining bound. To determine the effect of dextran sulfate on decay acceleration, the concentration of factor H (500 ng/ml) required to release 25% of the 125 Ilabeled Bb, was incubated in the presence of various concentrations of dextran sulfate (0 -150 g/ml). The increase of decay activity in the presence of dextran sulfate was calculated based on a standard curve using factor H alone. Cofactor activity was determined by measuring the factor H-dependent inactivation of C3b by factor I (20 g/ml) on zymosan-C3b in the presence and absence of dextran sulfate. Following treatment, the amount of functional C3b remaining was measured by quantitating the binding of 125 I-factor B in the presence of 0.1 mM NiCl 2 , 1.3 g/ml factor D, and excess 125 I-factor B.
Results
Size exclusion chromatography
The hydrodynamic properties and oligomeric state of factor H were examined in solution using gel filtration chromatography on the HPLC medium TSK-gel G4000SW as indicated in Fig. 1 . In normal ionic strength PBS (Fig. 1A) without polyanions factor H migrated as a single species of ϳ330,000 m.w. as previously reported (53, 58) . When the sample was preincubated with 1 mg/ml dextran sulfate and the column run in a buffer containing 1 mg/ml dextran sulfate, factor H eluted as a broad peak of higher apparent molecular weight. The void volume (VO) and the elution volume (VT) of vitamin B12 are indicated in Fig. 1 . Chromatography in half ionic strength PBS (Fig. 1B) showed similar profiles except that in the presence of polyanion the majority of factor H eluted at the high molecular weight position. OVA was included as an internal standard. Controls indicated that the elution position of OVA was not affected by ionic strength and its presence did not affect the elution position of factor H with or without polyanions present. Fig. 2 demonstrates the dependence of the elution position of factor H on the concentration of dextran sulfate present in the buffer used for chromatography. An identical concentration of dextran sulfate was preincubated with the sample for 15 min before loading. Comparison of the experiments in Fig. 2 shows a concentration-dependent decrease in the elution volume of factor H with increasing dextran sulfate concentration. The sharp frontal boundary of the peak in the presence of 100 g/ml dextran sulfate indicates that a stable maximum size has been reached, which is considerably smaller than the void volume of the column (Fig. 1B) . The trailing edge of the factor H peak was greatly extended (Fig.  1B) possibly indicating a complex in dynamic equilibrium with the lower molecular weight forms and with a dissociation half-life similar to the time factor H spent subjected to the HPLC gel filtration process (ϳ45 min).
The apparent size of the complex formed upon exposure of factor H to dextran sulfate was estimated from the elution positions of factor H in buffer alone and in the presence of the polyanion relative to standard proteins (Fig. 3) . Factor H has been shown to have an extended shape in solution and to exhibit an apparent molecular mass of ϳ300,000 Da upon gel filtration through agarose gel filtration medium (31, 53, 58) . Using TosoHass G4000SW medium, an apparent size of 330,000 Da was observed for factor H in agreement with previous studies. In the presence of 100 g/ml dextran sulfate the apparent molecular mass, compared with standards, was 1,400,000 Da. This size is almost four times the molecular mass found for factor H in the absence of polyanions (Fig. 3) . Although this result suggests that a homotetramer of factor H was induced by interaction with the polyanion, size determination of any molecule other than globular proteins by gel filtration is an approximation due to the hydrodynamic behavior of highly asymmetrical molecules compared with globular proteins. As shown below, analysis of sedimentation equilibrium profiles provide a more reliable measure of the molecular mass of a complex because such analyses are not sensitive to molecular shape, only to mass. FIGURE 1. Gel filtration chromatography of purified human factor H in the presence of dextran sulfate. Factor H was chromatographed in normal ionic strength PBS (A) in the presence (dashed histogram) of 1 mg/ml dextran sulfate or absence of dextran sulfate (solid histogram) using OVA as an internal standard. Samples of 0.3 ml containing 960 g of factor H and 730 g of OVA with or without 1 mg/ml dextran sulfate (average m.w. ϳ5000 providing an ϳ10-fold molar excess of dextran sulfate over factor H) were preincubated for 15 min at 21°C and loaded onto a 0.75 x 60 cm TosoHaas G4000SW column with a guard column equilibrated with PBS (10 mM sodium phosphate, 140 mM NaCl, 0.02% sodium azide (pH 7.4)) (solid histogram) or PBS plus 1 mg/ml dextran sulfate (dashed histogram). Chromatography was performed at 21°C at a flow rate of 0.5 ml/min. B, Results of similar chromatography using half ionic strength buffer (5 mM sodium phosphate, 70 mM NaCl, 0.01% sodium azide (pH 7.4)). The positions of the column void volume (Vo) and salt peak (VT) are indicated.
FIGURE 2.
Gel filtration chromatography of purified human factor H in the presence of increasing concentrations of dextran sulfate. Samples containing 75 g of factor H in the indicated concentrations of dextran sulfate (average m.w. ϳ5000) in 0.5 ml were preincubated for 15 min at 21°C and loaded onto a 0.75 ϫ 60 cm TosoHaas G4000SW column with a guard column equilibrated with the indicated concentration of dextran sulfate in 5 mM sodium phosphate, 70 mM NaCl, 0.01% sodium azide (pH 7.4). Chromatography was performed at 21°C at a flow rate of 0.5 ml/min. Proper alignment was verified by including OVA as an internal standard (peak data not shown). The region of the chromatograms shown corresponds to elution volumes from 15 to 23 ml, as shown in Fig. 1. The pattern of factor H polymerization observed during gel filtration in the presence of the polyanion heparin (data not shown) was similar to that observed with dextran sulfate. In the presence of increasing concentrations of heparin (12,000 -14,000 Da) the majority of factor H eluted with an apparent size of 640,000 Da similar to the pattern shown with dextran sulfate in Fig. 1A . In half ionic strength PBS at the highest heparin concentration tested (1000 g of heparin/ml) only 10% of the factor H emerged in the 1,400,000 m.w. position and the predominant species was the apparent dimer form of factor H at a m.w. of ϳ640,000. Taken together these data suggest that higher molecular weight complexes were formed with heparin, but that these were less stable than those formed with dextran sulfate even at half physiological ionic strength.
Sedimentation equilibrium analysis
Because of the asymmetrical structure of factor H, no reliable information regarding the number of factor H molecules in either the low or high molecular weight species can be derived from gel filtration measurements. Therefore, the subunit structure of the complexes was analyzed by sedimentation equilibrium using analytical ultracentrifugation. Fig. 4 shows the A 280 nm scans from sedimentation equilibrium analyses of factor H in the absence of polyanions (Fig. 4, top) and in the presence of 100 g/ml dextran sulfate (Fig. 4, bottom) . The molecular mass of factor H determined in half ionic strength PBS was 163,264 Da when the data in Fig. 4 (top) were fit to the equation for a single species. The monomer molecular mass varied from 158,183 to 165,238 Da with a mean of 162,133 Da for four separate experiments at two speeds. Previous similar analyses (31) in normal ionic strength PBS found 153,000 Da at similar factor H concentrations and 159,000 Da at higher concentrations (1.2 mg/ml). These observations suggest that there may be some propensity for self-association and that this may be enhanced by high concentrations of factor H or by the low ionic strength used in the experiments shown in Fig. 4 . In the presence of 100 g/ml dextran sulfate a 4-fold increase in mass was observed. The data in Fig. 4 (bottom) were best fit to an average molecular mass of 607,244 Da using the equation for a single species.
Similarly, Fig. 5 shows the effect of polyanion concentration on the average molecular mass of the factor H complexes. Analytical ultracentrifugation was performed in the presence of the indicated dextran sulfate concentrations and each of the protein gradients observed was fit to an equation for a single species. Little or no association was found until the polyanion concentration was above 1 g/ml. A maximum of 638,000 Da was observed at 200 g/ml and a plateau was observed between 20 and 200 g/ml suggesting that there is a defined size to the complexes and that the assembly is self-limiting. The mean molecular mass in the presence of dextran sulfate concentrations ranging from 20 to 500 g/ml was 619,355 Da for nine separate determinations at two different speeds. This indicates that in the presence of a saturating concentration of dextran sulfate the high molecular weight complex contains four molecules of factor H. Furthermore, the plateau suggests that saturation of the polyanion site on factor H was achieved at 20 g/ml. At a concentration of dextran sulfate of 7 g/ml, polymerization was half maximal and the molar ratio of dextran sulfate to factor H was from 1.4 to 1.0, clearly indicating that the increase in molecular mass was not due to binding of multiple dextran sulfate molecules of only 5000 Da. Sedimentation equilibrium analysis of FIGURE 3. Apparent size of factor H in the presence and absence of dextran sulfate compared with globular standards. Gel filtration chromatography was performed on a 0.75 x 60 cm TosoHaas G4000SW column with a guard column equilibrated with 10 mM sodium phosphate, 500 mM NaCl, 0.02% sodium azide (pH 7.4) using the following standards: vitamin B12 (M r 1350), myoglobin (M r 17,000), OVA (M r 44,000), IgG (M r 158,000), IgG dimers (M r 316,000), thyroglobulin (M r 670,000), and thyroglobulin dimers (M r 1,340,000). The positions and estimated M r of factor H and the high molecular weight complex are indicated. All chromatography was run in the high salt buffer (0.5 M NaCl) except factor H plus dextran sulfate (H ϩ DS) that was run in 5 mM sodium phosphate, 70 mM NaCl, 0.01% sodium azide (pH 7.4).
FIGURE 4. Sedimentation equilibrium scans of factor H alone (top) and
factor H in the presence of 100 g/ml dextran sulfate (bottom). Representative equilibrium scans of factor H alone and of factor H in the presence of 100 g/ml dextran sulfate at 22°C (295°K). Both samples were centrifuged at 7000 rpm for comparative purposes. Samples contained 273 g/ml (1.8 M) factor H and either no dextran sulfate (top) or 100 g/ml dextran sulfate (bottom) in 5 mM sodium phosphate, 70 mM NaCl, 0.01% sodium azide (pH 7.4). the effect of heparin on factor H indicated similar polymerization was caused by comparable concentrations of heparin although there were indications of the presence of larger complexes of factor H (700,000 -900,000 Da). The heparin molecules used were larger than the dextran sulfate and it is possible that the multiple heparin binding sites on factor H bound additional heparin or that the longer heparin polyanions provided nucleation sites for binding of additional factor H molecules.
Analysis of recombinant CCP factor H domains by size exclusion chromatography
It has been recently described that CCP domains 16 -20 and whole factor H have a weak ability to self-associate in solution to form dimers when analyzed by x-ray scattering and analytical ultracentrifugation (59, 60) . In addition, the crystal structure of CCP domains 19 -20 indicates that monomers of this region form a tetramer composed of two tightly packed antiparallel dimers (29) . To determine whether this ability of the C-terminal domains to selfassociate is polyanion-enhanced, we examined a three domain recombinant protein composed of CCP domains 18 -20 from the C-terminal region of factor H. In normal ionic strength buffer (PBS) in the absence of polyanions, factor H CCP domains 18 -20 (22,000 Da) migrated as a single low molecular weight species (Fig. 6 ) during gel filtration. However, in the presence of dextran sulfate CCP domains 18 -20 eluted as a sharp single peak of apparent molecular mass 90,000 Da (Fig. 6 ). Other three domain regions of factor H (CCP 1-3 and CCP 11-13) were used as controls and no difference in their mobility was observed in the presence or absence of dextran sulfate (data not shown). Taken together, our results indicate that the C-terminal region of factor H can self-associate at physiological pH and ionic strength and that this association is dependent on the presence of polyanions.
Effect of polyanions on the binding of factor H to cell-bound C3b and on its complement regulatory functions
Current understanding of the interactions of factor H with polyanions is that host cells and tissues bear various polyanionic structures which bind the C terminus of factor H thus enhancing its ability to control complement activation on host surfaces (17) . If the interactions with polyanions produce dimers and tetramers these complexes should exhibit greater affinity for C3b on surfaces lacking natural polyanions (zymosan). Thus, we examined whether soluble dextran sulfate increases the binding of factor H to zymosan-C3b and whether it enhances the complement regulatory activities of factor H at the cell surface. Fig. 7A shows that soluble dextran sulfate increases the binding of factor H to zymosan-C3b by 4.5-fold. Polyanion-rich host cells such as human erythrocytes have been shown to exhibit a maximum of 10-fold enhanced binding compared with zymosan-C3b, suggesting that the observed effect represents a significant increase. We also determined the FIGURE 7. Dextran sulfate increases factor H binding and factor Hmediated decay acceleration on the surface of zymosan-C3b. A, Binding of factor H to zymosan-C3b was measured by incubating 125 I-labeled factor H (83 ng, 50,000 cpm) with various concentrations of dextran sulfate and zymosan-C3b for 10 min at 37°C, in 100 l of GVB. Binding was normalized to the level of factor H binding observed in the control without dextran sulfate. B, Decay acceleration assays measured the ability of human factor H to release 125 I-labeled Bb from cell-bound C3b,Bb in the presence of various concentrations of dextran sulfate. The C3b,Bb complexes were formed on zymosan-C3b as described in Materials and Methods. The 125 I-labeled Bb-loaded cells were added to reaction mixtures containing factor H (500 ng/ml) and the indicated concentrations of dextran sulfate. The relative increase of decay accelerating activity (n ϭ 3) was calculated by comparison to the decay by factor H without dextran sulfate.
FIGURE 5.
Average apparent molecular weights of factor H in the presence of increasing concentrations of dextran sulfate. Sedimentation equilibrium analyses of factor H at 273 g/ml (1.8 M) in the presence of increasing concentrations of dextran sulfate were performed at 3000 and 7000 rpm in 5 mM sodium phosphate, 70 mM NaCl, and 0.01% sodium azide (pH 7.4) at 22°C (295°K) as described in the Materials and Methods. Note that the concentrations of factor H and dextran sulfate were approximately equimolar at 7 g/ml dextran sulfate. FIGURE 6. Gel filtration chromatography of human factor H recombinant domains 18 -20 in the presence of dextran sulfate. Recombinant CCP 18 -20 of factor H was chromatographed in normal ionic strength PBS in the presence (dashed histogram) of 1 mg/ml dextran sulfate or in the absence of dextran sulfate (solid histogram). A 0.5 ml sample of 210 g of recombinant CCP 18 -20 in 1 mg/ml dextran sulfate (10-fold molar excess of dextran sulfate over CCP domains 18 -20) was preincubated for 15 min at 21°C and loaded onto a 0.75 x 60 cm Phenomenex BioSep SEC S4000 column with a guard 3.5 x 7.8 cm Phenomenex BioSep SEC 3000 column equilibrated with PBS or PBS plus 1 mg/ml dextran sulfate. The chromatogram was performed at 21°C at a flow rate of 0.5 ml/min. The position of the column void (Vo) and salt peak (VT) are indicated.
effect of dextran sulfate on the ability of factor H to increase the rate of dissociation of the two subunits of the alternative pathway C3/C5 convertase (C3b,Bb) in a decay acceleration assay. The release of radiolabeled Bb from surface-bound C3b was measured in the presence and absence of various concentrations of dextran sulfate (Fig. 7B) . The results showed that dextran sulfate increased the decay accelerating activity of factor H ϳ2.5-fold. A similar (Ͼ2-fold) polyanion-dependent increase in factor H cofactor activity using zymosan-C3b and factor I was found (data not shown). The effective concentrations of dextran sulfate for binding and for each functional assay were similar to the concentration required for oligomer formation.
Discussion
Inactivation of clusters of complement enzymes on host or foreign cell surfaces requires interaction with regulatory proteins such as factor H. The concentration of factor H is ϳ500 g/ml in plasma, but its affinity for a single C3b is low. The regulatory effectiveness of the protein toward surface-bound clusters is enhanced by the presence of three C3b binding sites in each factor H molecule (38, 61) . On host and host-like surfaces bearing polyanionic markers, a 10-fold greater effectiveness has been measured due to the interactions between the polyanion binding sites on factor H and surface polyanions (12, 15-18, 21, 44, 62) . The present data suggest that all or part of this increased effectiveness could be due to polyanion-induced self-association of factor H.
Factor H is an extended protein (ϳ35 by 380 -730 Å) that exhibits great flexibility and even appears to fold back on itself in electron micrographs (30 -33) . Before this asymmetry was recognized, its gel filtration properties were thought to indicate that it was a dimer of the 150,000-Da subunit seen on SDS gels (53, 58) . A later report detected a tendency to dimerize at high concentrations in solution (32) and as a result factor H was depicted as a dimer in a review published in 1991 (63) . Although later studies questioned these findings (30) , a very recent report documented a weak tendency for dimer formation (60) . The present results demonstrate that polyanions greatly enhance this weak interaction and promote formation of stable dimers as well as tetramers. Recently published structures for the C-terminal polyanion binding site derived from NMR (64) and from x-ray crystallography (29) further support our conclusions. The NMR study identified the amino acid residues forming the polyanion binding site in domain 20 (64) . The x-ray structure of domains 19 -20 yielded the interesting result that the unit cell was a D2 tetramer composed of two tightly packed antiparallel dimers (29) . This observation confirms that a tendency exists in the C-terminal polyanion binding domains of factor H toward dimer and tetramer formation. Our data suggest that under physiological conditions in solution, defined oligomer formation is initiated by the interaction of the C-terminus of factor H with polyanions.
High performance gel filtration chromatography yields mostly qualitative information about asymmetrical proteins such as factor H. Figs. 1-3 show that high molecular mass species of factor H were formed in a polyanion-dependent manner. The peaks of the largest species exhibited sharp leading edges (Figs. 1 and 2 , bottom panels), indicating that a defined maximum size exists. Comparison of the position of this peak ( Fig. 1) with the void volume and salt peaks shows that the sharp leading edge is not due to oligomers that exceed the exclusion limit of the resin used, which was over 10,000,000 Da. The chromatograms also show that an intermediate species predominates at some concentrations of polyanion (Fig. 2) , but whether this effect is due to a preferred complex or to the dynamics of association and dissociation cannot be determined. Nevertheless, higher concentrations of polyanion converted most of the factor H to the maximum size. The trailing edge of this peak (100 g/ml dextran sulfate) indicates that this species is not completely stable during the 25-30 min elution time (Fig. 2) , but the sharp leading edge shows that the majority of the complexes spent most of their time in the highest molecular weight form during the run. Thus, although gel filtration results are qualitative, they do provide information about the stability of these complexes. The complexes formed with heparin were never observed to migrate as a distinct peak at the higher molecular weight position. Instead, the main protein peak migrated in the position of the intermediate peak observed with dextran sulfate. It trailed off on the leading edge in high concentrations of heparin and on the trailing edge in low concentrations of heparin. Because high molecular weight species were observed in the analytical ultracentrifuge with heparin, the gel filtration results can be interpreted as suggesting that the high molecular weight complexes formed with heparin were less stable than those formed with dextran sulfate. The stability of complexes in vivo may be higher because the specific polyanionic receptors for factor H on human cells have yet to be identified and thus it is possible that we have not used the optimal ligands in this study. Fig. 3 shows the apparent size of factor H during gel filtration relative to more globular standards. The apparent molecular mass found in low ionic strength buffer (330,000 Da) in this experiment agrees with the 300,000 Da found by others in physiological buffers (30, 53, 58) . The apparent size of the dextran sulfate-induced high molecular weight species was 1,400,000 Da, which is very close to four times the size of the monomer. Although this may be fortuitous, it is consistent with the analytical ultracentrifuge results and the gel filtration results suggesting the existence of tetramers of significant stability as discussed in the preceding paragraph. The intermediate species (Fig. 1A and Fig. 2 at 1 g/ml) exhibited an apparent size of 590,000 Da, which is approximately twice that of the monomer. This peak may indicate the formation of dimers, consistent with the previous reports (32) and with the tightly packed dimer structures observed in the x-ray crystallography study of domains 19 -20 (29) . Alternatively, owing to the low concentration of polyanion, this intermediate peak may be due to the presence of a tetramer/monomer equilibrium that migrates at this position because of a relatively rapid dynamic equilibrium between the monomers and tetramers.
In contrast to gel filtration, sedimentation equilibrium allows accurate determination of molecular weights independent of the shape of a molecule or the shape of a complex of molecules. Figs. 4 and 5 show that polyanions induced the formation of high molecular weight species of factor H with M r of 607,000 -638,000. The polyanion is unseen in these scans because detection was at 280 nm, but it is important to note that 50% conversion to the tetramer form required only 7 g/ml dextran sulfate, which is a 1.4-fold molar excess of polyanion over factor H. Complete conversion to the tetramer form was achieved with 20 g/ml dextran sulfate. This represents less than a 4-fold molar excess of polyanion (5000 M r ) over factor H (165,000 M r ) and thus the dextran sulfate could not significantly contribute to the apparent size of the factor H without inducing self-assembly of the protein. The presence of a maximum size of 638,000 that remains even in the presence of 10-fold higher concentrations of dextran sulfate suggests a defined, self-limiting structure has formed. This is in agreement with the high performance gel filtration results in which a sharp front on the peak at high polyanion concentrations suggests that a defined maximum size (1,400,000 Da), four times the size of the monomer (330,000 Da), as measured by gel filtration. Interestingly, the C-terminal region of factor H (CCP 18 -20) elutes at high molecular weight in the presence of dextran sulfate (Fig. 6) , suggesting that this region may be responsible, at least in part, for conferring the oligomerization properties of full-length factor H when it is in contact with polyanions. These results are consistent with the tetramer structure seen in crystals of CCP domains 19 -20 (29) and the weak self-association seen with CCP domains 16 -20 (59, 60) , suggesting that the C-terminal domain of factor H may form a contact point for tetramer formation. In addition, because the vast majority of aHUS-associated mutations in factor H are found in CCP domains 19 -20 (7, 12, 13, 65) , it is possible that these mutations may affect the capacity of factor H to oligomerize on polyanion-containing cell surfaces, with possible consequences in disease pathogenesis.
One previous observation of factor H behavior that has been difficult to explain may have its basis in polyanion-induced tetramer formation. It was observed that although the affinity of factor H for C3b on host-like cells was high, its affinity for C3b on cells lacking polyanions was as much as 10-fold lower (17, 66) . However, in the presence of a variety of soluble polyanions the affinity of soluble factor H for C3b, on particles that activate the alternative pathway of complement, increased to within 2-fold of the affinity for C3b on host cells. Fig. 7A shows that fluid phase dextran sulfate induces a 4.5-fold increase in factor H binding to C3b on a cell lacking polyanions (zymosan). Dimerization of factor H by mAbs produced a similar, but only 2-fold, increase in binding (67) .
In addition to demonstrating that fluid phase dextran sulfate induced increased binding of factor H to an alternative pathway activator (Fig. 7A) , we have also demonstrated that the cell surface functional activity of factor H was increased more than 2-fold in the presence of polyanion (Fig. 7B ). Although this effect seems small, it was necessary to measure both the decay acceleration and cofactor activities at ϳ100-fold lower concentrations of factor H than used in the ultracentrifuge and gel filtration experiments. Such low concentrations of factor H must shift the equilibrium toward the dissociated forms and reduce the concentration of dimers and tetramers in these experiments. Thus, the increase in functional activities would be expected to be greater at serum concentrations of factor H (i.e., 300-fold higher), which would enhance self-association in the presence of host polyanions.
It is known that human cells and tissues possess surface-bound polyanionic structures including heparan, other glycosaminoglycans, and sialic acids all of which are known to interact with factor H. The alternative pathway of complement spontaneously deposits C3b on all surfaces, host and foreign alike (4, 5) . Effective control of amplification of the initial C3b must occur on host cells or tissue damage will occur. We have recently shown that the C-terminus of factor H is essential for factor H-mediated recognition and regulation of complement at cell surfaces (48) . Formation of multimers of factor H bound to surface polyanions would be consistent with this previous observation and with our current data. Although our study indicates that the C-terminus may be the site of polyanioninduced self-association, these findings do not rule out participation of other polyanion binding regions of factor H, such as CCP domains 6 -8 (60, 68) . Efforts are currently underway to examine the participation of other sites on factor H in this phenomenon as well as to determine whether factor H tetramers are, in fact, formed on host cell surfaces.
